indicating S-cytoplasm contamination. The organization of rf1 was investigated by two PCR markers and DNA gel blot analysis. Eight haplotypes were found among the US maintainers, but subsequently two haplotypes were judged as restoring alleles after a test cross and another haplotype was not inherited by the progeny. Nucleotide sequences of rf1 regions in the remaining five haplotypes were compared, and despite the sequence diversity of the gene-flanking regions, the gene-coding regions were identified to be three types. Therefore, there are three rf1 variants in US maintainers, the same number as in the Japanese sugar beet germplasm collection. The implications of having a small repertoire of rf1 variants are discussed.
Introduction
Cytoplasmic male sterility (CMS) is the inability of plants to produce functional pollen (Schnable and Wise 1998) . Genetic models to explain CMS expression postulate the interaction of male-sterility inducing cytoplasm (S) and alleles of a nuclear restorer-of-fertility gene (Rf) that together affect pollen development. Under this genetic model, CMS is expressed when a plant has the genotype S-rfrf, where rf denotes the nonrestoring allele of Rf. Plants shed functional pollen grains with the other genotypes such as N-rfrf, where N denotes a non-male-sterility inducing cytoplasm, or S-Rf_, where Rf denotes a restoring allele.
CMS is a prerequisite for hybrid seed production in some crop species (Budar et al. 2006) providing the ideal seed parent; the seeds set on CMS plants are exclusively hybrids as CMS plants cannot self-pollinate. On the other hand, CMS lines cannot be maintained or propagated by selfing. For this purpose, a specific line with the same nuclear genotype as the CMS line but with the N cytoplasm 1 3 to secure pollen production is necessary. Plant lines with this genotype (i.e. N-rfrf) are called maintainer lines, and the rf allele is sometimes called a maintanier-allele.
Maintainer lines are highly valuable in some crop species because of the infrequent occurrence of the maintainer genotype. For example, the frequency of the maintainer genotype in sugar beet is 3-5 % on average (Bosemark 2006) . Large scale screening for maintainer lines is laborious because the Rf/rf genotype is known only by conducting test crosses using the CMS line as a tester. Consequently, the efficiency of maintainer line selection is very low and a major rate-limiting process for sugar beet breeding. The introduction of DNA marker assisted selection (MAS) would facilitate more efficient maintainer line selection.
As molecular studies on the genetic factors involved in sugar beet CMS have progressed, the level of molecular diversity of cytoplasms and Rf genes has been found to be greater than expected. In Beta vulgaris, there are more than ten cytoplasms that can be distinguished by their mitochondrial DNA organization (Cuguen et al. 1994) . Mitochondrial DNA types (mitotypes) can be discriminated by length polymorphism of four mitochondrial minisatellite loci that are composed of tandem arrays of nucleotide sequence units (30-66 base pairs) (Nishizawa et al. 2000 (Nishizawa et al. , 2007 . In Japanese and Chinese sugar beet lines, two mitotypes were identified from N cytoplasm plants, whereas one mitotype was identified from S cytoplasm plants on the basis of mitochondrial minisatellite polymorphism (Cheng et al. 2009 ).
According to Owen (the discoverer of sugar beet CMS), there are two Rfs for sugar beet CMS (Owen 1945) . The two Rfs, termed X and Z by Owen, have been genetically mapped on chromosomes 3 and 4, respectively (Pillen et al. 1993; Hjerdin-Panagopoulos et al. 2002; Honma et al. 2014) . A strong allele of X was found in a Japanese sugar beet line and was named Rf1 (Hagihara et al. 2005) . Nucleotide sequence analysis of the Rf1 locus revealed a gene cluster composed of four copies of genes encoding a protein resembling yeast OMA1, which is involved in the quality control of mitochondrial inner-membrane proteins (Matsuhira et al. 2012) . Hereafter, we refer to such sugar beet genes resembling yeast Oma1 as Oma1-like genes. One of the four Oma1-like gene copies, bvORF20, restored partial pollen fertility to CMS sugar beet when expressed as a transgene (Matsuhira et al. 2012) . Additionally, the protein product of bvORF20 was shown to bind to a 39 kDa mitochondrial protein that is encoded by S mitochondria (Kitazaki et al. 2015) . Expression of bvORF20 is predominant in immature anthers, and, concomitant with its expression, the amount of a protein complex that includes the 39 kDa protein is reduced (Kitazaki et al. 2015) . Detailed analysis of an rf1 allele of a Japanese maintainer line revealed a solitary Oma1-like gene instead of clustered copies (this solitary gene is named bvORF20L) (Matsuhira et al. 2012) . The protein product of bvORF20L is incapable of binding to the 39 kDa mitochondrial protein (Kitazaki et al. 2015) .
Investigation of the molecular organization of the Rf1 in Japanese sugar beet lines revealed that the Rf1 locus has multiple molecular variants and only a few variants are associated with maintainer selection (Moritani et al. 2013; Taguchi et al. 2014) . This finding suggests that, although the entire molecular diversity of sugar beet Rf1 is unknown, the repertoire of molecular variants associated with maintanier-alleles is small. Thus, a better approach for MAS of a maintainer line is tagging the maintanier-allele for selection, instead of purging the restoring allele. MAS for one of the identified molecular variants was conducted, and the maintainer genotype was enriched from breeding materials (Moritani et al. 2013) .
There are three identified molecular variants associated with Japanese maintainer lines: one occurs predominantly and the others are less frequent . However, it is too early to conclude that only three rf1 maintainer-allele variants exist in the entire sugar beet gene pool because the genetic diversity of the Japanese sugar beet population is small (Taguchi et al. 2006) . Hence, a small number of maintainer-allele variants might merely reflect this small genetic diversity. To examine this possibility, we investigated maintainer lines that were selected from a population whose genetic diversity is larger than that of Japanese sugar beet.
Since the discovery of sugar beet CMS by Owen, the United States (US) has continued hybrid breeding of sugar beet using a number of European cultivars and wild beets (sources of disease resistance) (Lewellen 1992) , from which US maintainer lines were selected (Hecker and Helmerick 1985) . Moreover, the total genetic diversity in the US germplasm pool has remained constant since the 1920s (McGrath et al. 1999) . Therefore, the US maintainer lines have likely been selected from a more diverse population than the population used in Japan. As such, additional molecular variants of the maintanier-allele, if any, might be expected in the US maintainer lines. To test this hypothesis, we examined the mitotypes and rf1 organization of maintainer lines obtained from the US Department of Agriculture (USDA). Surprisingly, from the viewpoint of amino acid sequences encoded by Oma1-like genes, the repertoire of molecular variants of the maintanier-allele is the same as that of the Japanese sugar beet accessions, suggesting that the number of maintainer-allele variants in sugar beet is constant and that MAS for these maintainer-allele variants is possible.
Materials and methods
Plant materials and male fertility phenotyping US sugar beet accessions used in this study are listed in Table 1 . These accessions were retrieved as follows: first, (Moritani et al. 2013) . Seeds were sown in a greenhouse and plants were grown in an experimental field at Hokkaido University. Sugar beet roots were kept in a cold room (4 °C) of HARC/NARO at Memuro during the winter for vernalization. Test crosses were done using TA-33BB-CMS, an annual CMS line developed by HARC/NARO (Moritani et al. 2013) , as the seed parent. Inflorescences of TA-33BB-CMS plants were covered with paper bags before anthesis. Following the flowering of bag-enclosed plants, the edge of the bag was cut and the male-sterile flowers were pollinated with pollen from a single parental plant, then the bag was resealed. Self-pollination was accomplished by covering individual plants with paper bags. Male fertility was determined by visual inspection of anther color and morphology for more than three different days, and classified into fertile-, partially fertile-, and completely sterile Onodera et al. (2015) . Fisher's exact test was used at the website of Gunma University (http://aoki2. si.gunma-u.ac.jp/exact/fisher/getpar.html).
Isolation of total cellular DNA
Fully expanded green leaves were powdered in liquid nitrogen and used for DNA isolation according to the procedure of Doyle and Doyle (1990) . If necessary, sample DNAs were purified by CsCl continuous density gradient centrifugation (Sambrook et al. 1989 ).
DNA markers
Details about DNA markers for mitochondrial minisatellites were described in Nishizawa et al. (2000) except for TR-1 amplification, in which the primer nucleotide sequences are 5′-AGAACTTCGATAGGCGAGAGG-3′ and 5′-TTCCAATTACTCTACCCCGCT-3′. PCR products of TR-1 and TR-3 from a single plant were mixed and electrophoresed in 5 % polyacrylamide gels. Nucleotide sequences of oligonucleotide primers and protocols for orf129-, s17-, and 20L-int PCR markers are detailed in Cheng et al. (2011 , and Moritani et al. (2013), respectively. PCR products of s17 were digested with restriction endonucleases HindIII and HapII (Takara Bio, Ohtsu, Japan). If necessary, PCR products of 20L-int were digested with HindIII (Takara Bio).
DNA gel blot hybridization
About 1 µg of total cellular DNA was digested with HindIII (Takara Bio). DNA fragments were separated by electrophoresis using a 1.0 % agarose gel. Following electrophoresis, the gel was soaked in a NaOH solution to denature the DNA fragments and then neutralized according to the procedure described in Sambrook et al. (1989) . Capillary blotting onto Biodyne B Nylon Membrane (Pall, Port Washington, NY) was done according to the manufacturer's instruction manual. Hybridization probes were prepared as detailed in Matsuhira et al. (2012) , and labeled with the AlkPhos Direct Labeling and Detection System (GE Healthcare UK Ltd, Amersham Place England). Hybridization signals were detected on X-ray film according to the manufacturer's protocol.
Genome library construction and screening
A genomic library was constructed using total cellular DNA as described in Sambrook et al. (1989) . Briefly, sample DNA was partially digested with restriction endonuclease Sau3AI (Takara Bio) to generate ~20 kbp DNA fragments that were then size-fractionated by centrifugation on 10-40 % sucrose continuous density gradients.
Fractions containing 16-23 kbp DNA fragments were collected and the fragments were ligated to λ DASH II (Agilent Technologies, Santa Clara, CA), a replacement-type λ phage vector. Concatenated DNA was packaged in vitro using Gigapack III Gold (Agilent Technologies) to form phage particles that were then infected with E. coli strain P2392. Recombinant phage plaques (~1 × 10 6 in total) were transferred onto Hybond N+ membranes (GE Healthcare). Probes were labeled using the ECL Direct Nucleic Acid Labeling and Detection System (GE Healthcare), and plaque hybridization was conducted according to the manufacturer's instructions. Phage DNA was isolated by the liquid culture method (Sambrook et al. 1989 ).
Primer walking and nucleotide sequencing
PCR products for nucleotide sequencing were amplified with PrimeSTAR GXL DNA Polymerase (Takara Bio), a high fidelity DNA polymerase. PCR products were cloned into the pBluescript II plasmid vector or subjected to direct sequencing. Nucleotide sequences were determined by using an ABI3130 Genetic Analyzer (Life Technologies, Carlsbad, CA). Sequence data were assembled using Sequencher software (ver. 4.0) (Gene Codes Corporation, Ann Arbor, MI). Homology searching was done at the website of the National Center for Biotechnology Information (http://blast.ncbi.nlm.nih.gov/Blast.cgi). Nucleotide and amino-acid sequences were aligned using ClustalW at the National Institute of Genetics, Japan (http://clustalw.ddbj. nig.ac.jp/index.php?lang=ja). Nucleotide sequences were deposited in DDBJ/EMBL/GenBank under accession numbers LC085626, LC085627, LC685268, and LC085629.
Results

Mitotypes of US maintainer lines
A brief description of mitochondrial minisatellites in beet is necessary before presenting the results of this study. Sugar beet mitotypes are characterized based on the organization of four mitochondrial minisatellites, TR-1 to TR-4 (Cheng et al. 2009 ). The number of repeated sequence units (30-66 base pairs) in the four loci is characteristic of each mitotype. For example, if a plant has 13 repeatedsequence units in TR-1, three in TR-2, three in TR-3, and three in TR-4, these numbers are coded as [13, 3, 3, 3] and the mitotype of this plant is min18 (Cheng et al. 2009 ). In sugar beet, min18, min09 ([6, 3, 3, 3] ), and min04 ([4, 3, 2, 4] ) have been reported and correspond to Normal-1-, Normal-2-(both are subclasses of N cytoplasm), and S cytoplasms, respectively (Cheng et al. 2009 ). Therefore, not all of the minisatellites have to be investigated to distinguish these three cytoplasms. We selected TR-1 and TR3 for mitotype identification.
In this study, we determined the mitotypes of a total of 551 plants from 57 accessions listed in Table 1 . TR-1 and TR-3 from all 551 plants were PCR amplified. The expected size of TR-1 is 698, 474, and 410 bp and the expected size of TR-3 is 442, 442 and 376 bp for Normal-1, Normal-2, and S, respectively. Hence, if mixed PCR products of TR-1 and TR-3 from a plant were electrophoresed, specific band patterns corresponding to either Normal-1, Normal-2, or S would be evident on the gel. Figure 1 shows the band patterns of these mitotypes. Plants used in this study were classified into Normal-1, Normal-2, or S, except for some plants from accessions PI 411128 and PI 633934, from which an unexpected band pattern emerged (Fig. 1) . We PCR amplified all four minisatellites from these plants, and the resultant PCR products were sequenced to determine the unit number of each of the mitochondrial minisatellites. Our results showed that the code of unit numbers was [5, 3, 2, 3] , corresponding to min06 (Cheng et al. 2011) . Mitotype min06 can be further subdivided into two groups according to the presence or absence of orf129, a mitochondrial gene that is associated with a wild beetderived CMS (a different cytoplasm from sugar beet S) (Yamamoto et al. 2008) . Therefore, DNA samples of the min06 plants of PI 411128 and PI 633934 were subjected to PCR amplification targeting orf129, but no amplicon was observed. Thus, the mitotype was identified as min06/-orf129, which has been found from other cultivated beets (Cheng et al. 2011) . No CMS has been associated with min06/-orf129 as far as we know. All PI 411128-and PI 633934 plants in question were min06/-orf129 according to their mitochondrial minisatellite pattern and the presence/ absence of the orf129 sequence.
In summary, of the 551 plants listed in Table 1 
Rf1 organization of US maintainer lines
Rf1 organization was investigated using two PCR markers, s17 and 20L-int Moritani et al. 2013 ). The former is a cleaved-amplified-polymorphic-sequence marker that targets the intergenic region between the Oma1-like gene and bvORF17, the downstream gene encoding ribosomal protein L13 of cytosolic 60S ribosomes . Types 1 to 5 are known as s17 marker types . The 20L-int targets the first intron of the Oma1-like genes that can be divided into L-and S-classes (Moritani et al. 2013) . Because the number of Oma1-like gene copies in a plant is unpredictable in most cases, the 20L-int only denotes the intronic composition. For example, emergence of both L-class and S-class signal bands may result from copies of the Oma1-like gene cluster having both L-class and S-class introns or from the Oma1-like genes being heterozygous, one with an L-class intron and the other with an S-class intron (Moritani et al. 2013) . Combining s17 and 20L-int, the marker type of a plant can be identified, such as 44L, a notation indicating that the plant is homozygous for type 4 of s17, and the plant's intronic composition is an L-class intron .
The s17/20L-int marker types of the 551 plants are listed in Table 1 and summarized in Table 2 . We found a total of thirteen s17/20L-int marker types. The most frequent marker type was 44L, followed by 55LS and 55S (Table 2) . The s17/20L-int marker type was homogeneous in 24 accessions, of which eleven accessions are exclusively 44L, seven are 55S, five are 55LS, and one is 55L. Each of the remaining 33 accessions is heterogeneous in terms of the s17/20L-int marker type. We next examined the copy number and organization of the Oma1-like genes in each of the s17/20L-int marker types by DNA gel blot analysis to identify molecular variants. The probe was a 3′ untranslated region (UTR) of the Oma1-like genes, a nucleotide sequence that is conserved among Oma1-like genes (Moritani et al. 2013) . We selected 59 representative plants to cover almost all the s17/20L-int marker types of each origin. Plants of accessions PI 486361, PI 636335 and PI 636336 were excluded from this analysis and further study because all of these accessions have S cytoplasm (see Table 1 ), suggesting contamination of the restoring allele.
Examples of the DNA gel blot analysis are shown in Fig. 2 . The results of a total of 59 plants are shown in Table  S1 and summarized in Table 3 . We found some cases where Fig. 2 Signal bands on the blots of HindIII-digested total cellular DNA electrophoresed in 1 % agarose gels. Blots were hybridized with the 3′ UTR of an Oma1-like gene from the sugar beet Rf1 locus (Moritani et al. 2013 ). Names of accessions and their s17/20L-int marker types (in parenthesis) are shown above the blots. Size markers (in kbp) are shown on the left 7.9 7.2 5.9 5.4 2.1 1.9
PI 486358 (55S) 1.9 4L-5.9/5LS-7.2 + 5.9 + 1.9 PI 411128 55L 5.9 5L-5.9/5L-5.9 PI 518644, PI 590772, PI 590774, W6 17122 55LS 7.9 5.9 2.1 5LS-7.9 + 5.9 + 2.1/5LS-7.9 + 5.9 + 2.1 PI 518644, PI 558515, PI 590720, PI 590773, PI 590774, PI 590847, PI 634217 55LS 7.2 5.9 1.9 5LS-7.2 + 5.9 + 1.9/5LS-7.2 + 5.9 + 1.9 PI 411128 55S 7.2 5.9 5S-7.2 + 5.9/5S-7.2 + 5.9 PI 486358 55S 5.9 5S-5.9/5S-5.9 PI 512298, PI 590689, PI 590839, PI 594910, PI 610319, PI 632251 plants of the same s17/20L-int marker type differed in the signal pattern on the DNA gel blot. For example, although plants of both PI 518644 and PI 411128 are 55LS in terms of their s17/20L-int marker type, the former yielded 7.9, 5.9 and 2.1 kbp bands on the blot, whereas the latter yielded 7.2, 5.9 and 1.9 kbp bands (Table 3 ). In contrast, some plants whose s17/20L-int marker type varied have the same signal pattern (e.g., see 44L and 55L in Table 3 ).
Combining the s17/20L-int marker type with the signal pattern on the DNA gel blot, the 59 plants were classified into 16 types (Table 3) . We resolved these 16 types into the combinations of DNA-marker haplotypes (combination of s17/20L-int type and signal band pattern on the DNA gel blot) as described below.
All 44L plants had a 5.9 kbp band on the blot. This s17/20L-int marker type and hybridization pattern are the same as TK-81 mm-O, a Japanese maintainer line whose entire rf1 region had been sequenced in the previous study (Moritani et al. 2013) . TK-81 mm-O rf1 has a solitary Oma1-like gene with an L-class intron (Moritani et al. 2013) . The rf1 sequence of TK-81 mm-O is classified as a type 4 of s17, the L class of 20L-int, and has a 5.9 kbp signal band on the gel blot, hereafter referred to as DNA-marker haplotype 4L-5.9. Given this, the genotype of the 44L plants in Table 3 is homozygous for 4L-5.9 (i.e. 4L-5.9/4L-5.9).
Plants of 33S, 55L and 55S (except for PI 486358) in Table 3 appear to be homozygous at the rf1 locus according to their s17 type, and a solitary Oma1-like gene copy is expected in their DNA-marker haplotypes according to their hybridization pattern. We postulate three DNA marker haplotypes, 3S-5.4, 5L-5.9 and 5S-5.9, and the genotypes of the 33S, 55L and 55S plants are 3S-5.4/3S-5.4, 5L-5.9/5L-5.9, and 5S-5.9/5S-5.9, respectively.
The genotypes of 34LS plants having 5.9 and 5.4 kbp signal bands on the blots from PI 615522 are considered heterozygotes of 3S-5.4 and 4L-5.9. Also, the putative genotype of 45LS plants having an 5.9 kbp band from PI 558514 and PI 634210 is 4L-5.9/5L-5.9. It is necessary to postulate a 4S-5.9 haplotype to explain the 44LS plant of PI 411128, although no 4S-5.9/4S-5.9 homozygous plants were found. Two 55S plants from PI 486358 had 5.9 and 7.2 kbp bands on the blot (Table S1 ). In our experience, the 5.9 kbp band, which covers the conserved intergenic region of the Oma1-like gene and the bvORF17, was present in almost all the plants (Matsuhira et al. 2012; Moritani et al. 2013 ). On the other hand, the 7.2 kbp band was auxiliary to the 5.9 kbp band, and we found no plants having only the 7.2 kbp band. Hence, we propose a DNA-marker haplotype of 5S-7.2 + 5.9 that may have a gene cluster of two Oma1-like gene copies. Given this DNA-marker haplotype, 55S plants from PI 486358 are homozygous for 5S-7.2 + 5.9. Plants of 45LS from PI 486358 and PI 607897 are 4L-5.9/5S-7.2 + 5.9, and a plant of 35S from PI 610319 is 3S-5.4/5S-7.2 + 5.9.
We also propose the DNA-marker haplotype of 5LS-7.2 + 5.9 + 1.9 for some PI 411128 plants, and 5LS-7.9 + 5.9 + 2.1 for some PI 590720 plants. Altogether, a combination of 8 DNA-marker haplotypes can explain all 16 proposed genotypes listed in Table 3 .
Genetic function of 8 DNA-marker haplotypes
We identified 8 DNA-marker haplotypes, 3S-5.4, 4L-5.9, 4S-5.9, 5S-5.9, 5S-7.2 + 5.9, 5LS-7.2 + 5.9 + 1.9, 5LS-7.9 + 5.9 + 2.1, and 5L-5.9, as possible molecular variants of the nonrestoring allele but needed to show that these haplotypes could act as nonrestoring alleles. We selected 19 plants having these DNA-marker haplotypes, induced flowering and found that all 19 plants were male fertile. We subsequently conducted test crosses with annual CMS sugar beets whose DNA-marker haplotype is 4L-5.9/4L-5.9 to determine the male fertility of the F1 progeny (Table S2) . Table 4 summarizes the results of the test cross in which DNA-marker haplotypes were inferred by s17/20L-int. For example, we obtained a total of 20 F1 plants that inherited 3S-5.4 from five crosses, and all 20 F1 plants were completely male sterile (Table 4) . Similarly, F1 plants that inherited 4L-5.9, 5L-5.9, 5LS-7.9 + 5.9 + 2.1, or 5S-5.9 from pollen parents were completely male sterile (Table 4) . Therefore, these five DNA-marker haplotypes correspond to nonrestoring alleles. On the other hand, a total of 42 F1 plants with the haplotype 5S-7.2 + 5.9 could have their fertility restored (i.e. either fertile or partially fertile). Linkage between 5S-7.2 + 5.9 and fertility restoration was examined in the F1 progeny in which plant ID 12-72, a 4L-5.9/5S-7.2 + 5.9 heterozygous plant, was used as the pollen parent (Table S2 ). In the F1 progeny (22 plants), twelve plants that inherited the 4L-5.9 from ID 12-72 were male sterile and ten plants that inherited the 5S-7.2 + 5.9 had restored fertility. A null hypothesis that the 5S-7.2 + 5.9 is independent of fertility restoration was rejected (Fisher's exact test; p = 1.55 × 10
−6
). Therefore, 5S-7.2 + 5.9 is associated with the restoring allele.
The pollen fertility phenotype of F1 plants with a 5LS-7.2 + 5.9 + 1.9 haplotype segregated (four restored plants and one male sterile plant) ( Table 4) . We selfed two of the fertility restored F1 plants to generate F2 plants. We used s17 to follow the 5LS-7.2 + 5.9 + 1.9 haplotype. Male fertility and DNA-marker genotypes of the F2 progeny are shown in Table 5 . In the F2 population derived from ID 14-171, all eight plants with a 4L-5.9/4L-5.9 genotype were male sterile, whereas the fertility of all seven plants with the 5LS-7.2 + 5.9 + 1.9/5LS-7.2 + 5.9 + 1.9 genotype was restored. In the heterozygous plants, the phenotype segregated as 17 restored plants and 4 male sterile plants. These results can be explained given that fertility restoration by 5LS-7.2 + 5.9 + 1.9 occurs in a semi-dominant manner. A null hypothesis that the 5LS-7.2 + 5.9 + 1.9 is independent of fertility restoration was rejected (Fisher's exact test; p = 1.51 × 10 −5 ). Results from the F2 population derived from ID 14-177 were similar to those of 14-171 (Fisher's exact test; p = 3.48 × 10 −7 ) (Table 5) . However, the emergence of an exceptional fertility-restored plant with a putative 4L-5.9/4L-5.9 genotype is puzzling. Because the degree of fertility restoration in this plant is low (partially fertile), another weak fertility restorer gene may exist in this plant.
The function of 4S-5.9 is unknown because none of the 14 F1 plants inherited 4S-5.9 (Table S2) , which precluded the further study of this DNA-marker haplotype.
Nucleotide sequences of molecular variants of the nonrestoring allele
Five DNA-marker haplotypes were found to correspond to the nonrestoring allele, but detailed organization is known only for 4L-5.9 (TK-81 mm-O rf1). To compare the Oma1-like gene copies among the five DNA-marker haplotypes, we determined the nucleotide sequences of the rf1 region of the remaining four DNA-marker haplotypes.
Plants homozygous for the 3S-5.4, 5L-5.9, and 5S-5.9 DNA-marker haplotypes were selected from PI 615522, PI 590774, and PI 590689, respectively, and their rf1 regions were PCR amplified and sequenced. We obtained ~12 kbp sequences from each of the 3S-5.4, 5L-5.9, and 5S-5.9 plants. These sequences are fairly well conserved with that of 4L-5.9, enabling us to determine exon/intron boundaries of the Oma1-like genes (Fig. S1) . A multiple alignment of the nucleotide sequences is shown in Fig. S1 and schematically illustrated in Fig. 3 . The gene-coding region for the Oma1-like gene in 5L-5.9 is identical to that of 4L-5.9 and has the potential to encode a 434 amino-acid polypeptide (Fig. S2) . Hence the open reading frame (ORF) in 5L-5.9 is named bvORF20L, the same as that of 4L-5.9 (Matsuhira et al. 2012) . On the other hand, the gene-coding region in 3S-5.4 potentially encodes a 429 amino-acid residue polypeptide that is similar but not identical to bvORF20L (Figs. S1 and S2) and is named bvORF20L S . Homology between bvORF20L and bvORF20L S is 89 % at the amino-acid sequence level. Surprisingly, bvORF20L S is perfectly conserved in 5S-5.9 (Figs. S1 and S2, schematically shown in Fig. 3) . Therefore, from the viewpoint of the coding region, four out of the five DNA-marker haplotypes encode either bvORF20L or bvORF20L S .
The non-coding regions of 3S-5.4, 4L-5.9, 5L-5.9, and 5S-5.9 were also compared ( Fig. 3 and Fig. S1 ). The four DNA-marker haplotypes were 98-99 % homologous in the upstream region of the Oma1-like gene and 93-99 % homologous in the downstream region. Among the upstream regions, 4L-5.9 and 5L-5.9 were 99 % homologous and 3S-5.4 and 5S-5.9 were 99 % homologous; both were the best scores. Among the downstream regions, homology between 5L-5.9 and 5S-5.9 gave the best score (99 %). 14-177 self pollination 4L-5.9/4L-5.9 1 13 14 4L-5.9/5LS-7.2 + 5.9 + 1.9 22 9 31 5LS-7.2 + 5.9 + 1.9/5LS-7.2 + 5.9 + 1.9 12 0 12
Total 35 22 57 1 3
We determined the nucleotide sequence of the rf1 region from the Japanese maintainer line NK-219 mm-O, which is homozygous at 5LS-7.9 + 5.9 + 2.1 (Moritani et al. 2013; Taguchi et al. 2014 ). We first screened our NK-219 mm-O genomic library using the same probe as that used in the DNA gel blot analysis. Two recombinant phage clones were obtained and their inserts were sequenced; however, the nucleotide sequences of these two phage clones did not overlap, necessitating PCR amplification to fill the gap and primer walking to reveal the entire rf1 region of NK-219 mm-O. Finally, a 31733 bp continuous sequence was obtained (Fig. 4) .
Coding regions for the Oma1-like genes were identified by homology searches. We found three coding regions arranged in tandem (Fig. 4) , a result consistent with the DNA gel blot analysis (Moritani et al. 2013 ; see the pattern of PI 590720 in Fig. 2 of this study) . Their deduced amino-acid sequences differ from each other and differ from that of bvORF20L, bvORF20L S or any of the four copies of Oma1-like genes in NK-198, a Japanese restorer line (Fig. S2) . These newly identified ORFs are, hence, named bvORF20L 219-1 , bvORF20L 219-2 , and bvORF20L (Fig. 4) . The bvORF20L 219-1 sequence has a premature stop codon in its second exon (Fig. 4) , resulting in a truncated translation product (Fig. S2) . The amino acid sequences of bvORF20L are 427 and 432 residues in length, respectively, sizes comparable to those of other Oma1-like genes (Fig. S2) . Further comparison of rf1/Rf1 organization will be presented in another report.
We next examined whether the bvORF20L 219-1 /bvORF20L 219-2 /bvORF20L 219-3 sequences are preserved in the US maintainers with the 5LS-7.9 + 5.9 + 2.1 DNA-marker haplotype. The intronic composition of bvORF20L 219-1 /bvORF20L 219-2 /bvORF20L 219-3 is one S-class intron and two L-class introns, of which one L-class intron has a recognition site for HindIII (Fig. S3 ). As such, gel electrophoresis of HindIII digests of the 20L-int-PCR products from NK-219 mm-O exhibit the signal band pattern shown in Fig. 4 . We tested whether the same band patterns are obtained from US maintainers having the DNA marker haplotype 5LS-7.9 + 5.9 + 2.1. Eight plants from different accessions were subjected to this analysis, of which seven were homozygous for 5LS-7.9 + 5.9 + 2.1 and one was homozygous for 5LS-7.2 + 5.9 + 1.9. The seven 5LS-7.9 + 5.9 + 2.1 plants gave the same signal band pattern as that of NK-219 mm-O, whereas the band pattern of the 5LS-7.2 + 5.9 + 1.9 plant was distinctive (Fig. 4) .
Discussion
Analysis of 57 US maintainer lines revealed five DNAmarker haplotypes corresponding to the nonrestoring allele. Another two DNA-marker haplotypes (5S-7.2 + 5.9 and 5S-7.2 + 5.9 + 1.9) are considered to be restoring alleles in this study, but we cannot exclude the possibility that they may act as nonrestoring alleles in different environmental conditions than those of this study.
Of the 57 US maintainers, seven accessions exclusively have S cytoplasm or are contaminated with a restoring allele. Besides these, fifty accessions are considered to be maintainer lines or near-maintainer lines (for accessions Fig. 3 Organization of rf1 regions of plants with 3S-5.4, 5S-5.9, 5L-5.9, and 4L-5 that are mixtures of N-and S cytoplasms but are not contaminated with a restoring allele). Among these 50 accessions, 20 are homogeneous for both cytoplasm and DNAmarker haplotype, and the remaining are heterogeneous for cytoplasm or DNA-marker haplotype, or both. According to Hecker and Helmerick (1985) , US sugar beet breeders frequently synthesize heterogeneous maintainer populations from which to extract new lines, one of the potential explanations for the genetic heterogeneity observed in this study.
Considering the broad range of genetic backgrounds of US sugar beet germplasm (McGrath et al. 1999) , it is possible that the five DNA-marker haplotypes represent nearly all the molecular variants of the nonrestoring allele in sugar beet. As Lewellen pointed out (1992) , genetic diversity of sugar beet is low compared to other outcrossing crops because sugar beets originated from a limited range of fodder beet types. Although we think it likely that there are additional maintainer-allele variants in the entire B. vulgaris gene pool, only a small repertoire of maintainer-allele variants may have been introduced into ancestral sugar beet populations.
DNA-marker haplotypes of the nonrestoring allele in Japanese sugar beets are 4L-5.9, 3S-5.4, and 5LS-7.9 + 5.9 + 2.1, of which the first haplotype predominates (Moritani et al. 2013; Taguchi et al. 2014 ). The 4L-5.9 haplotype is also the most frequently occurring DNAmarker haplotype among US sugar beets (Table 2) . We noticed that two 4L-5.9-containing accessions, PI 590811 and PI 663878, are selections from annual beets that were developed by Munerati, an Italian sugar beet geneticist. Abegg (1936) noted that Munerati's annual beets were selected from European commercial varieties. PI 372277, a Polish maintainer line, also has the 4L-5.9 haplotype (Table 3) . European open-pollinated varieties that were introduced into Japan contain type 4 of s17 . Therefore, it is likely that 4L-5.9 is derived from old European varieties. Investigating the frequency of 4L-5.9 in various worldwide B. vulgaris populations would better define the dissemination of this DNA-marker haplotype.
Kleinwanzleben E (also known as Klein E) is an old European variety that greatly contributed to the initial sugar beet breeding conducted in the US (Lewellen 1992) . PI 633934 is registered as a selection from Klein E. Although no 4L-5.9 was found in any of sixteen PI 633934 plants, 3S-5.4 and 5LS-7.9 + 5.9 + 2.1 were identified from this accession, suggesting that 3S-5.4 and 5LS-7.9 + 5.9 + 2.1 are also derived from a European variety.
No 5L-5.9 or 5S-5.9 plant has been found among Japanese maintainer lines to date (Moritani et al. 2013; Taguchi et al. 2014) . The origin of these two DNA-marker haplotypes may be European varieties that were not introduced into Japan. Another possibility is that, as wide crosses including wild beets (B. vulgaris ssp. maritima) were conducted to improve disease resistance in the US (Lewellen 1992) , 5L-5.9 or 5S-5.9 (or both) may be derived from wild beets. On the other hand, given that the frequency of the maintainer genotype in wild beet is generally low (Touzet 2012) , wild beet is less likely the source of the maintanierallele. We also think it possible that 5L-5.9 and 5S-5.9 may have emerged in US breeding lines as a result of chromosomal crossing over and/or mutational accumulation, but this hypothesis needs further study.
Origins of the fifty US accessions of maintainer or near-maintainer lines are California, Colorado, Maryland, Michigan, Utah, and Poland. We compared the frequencies of DNA-marker haplotypes among all points of origin. As types 3 and 4 of s17 tag 4L-5.9 and 3S-5.4, respectively (see Table 3 ), we calculated the allelic frequencies of types 3 and 4 (Table 6 ). In the US, the total allelic frequencies of types 3 and 4 are 0.05 and 0.45, respectively, whereas the figures are 0.06 and 0.75, respectively, in Japan. Thus, the frequency of type 4 greatly differs between the US and Japan. This result is partly due to the presence of unique DNA-marker haplotypes (5L-5.9 and 5S-5.9) in the US and the differential frequency of 5LS-7.9 + 5.9 + 2.1. In addition, it is conspicuous that the frequency of type 4 in Californian maintainer lines is very low compared to the other states and countries (Table 6 ).
The Californian maintainer lines are the most divergent group in terms of the repertoire of maintainer-allele variants, including four out of the five DNA-marker haplotypes (Table 1) . Moreover, in the US, type 3 of s17 is found only from the Californian lines (Table 6 ). The 3S-5.4 was likely present in Klein E, a genetic resource that was repeatedly selected in the US (Lewellen 1992) . Hence, the absence of type 3 from the maintainer lines other than those of California origin is puzzling. The 5S-5.9, bvORF20L S -encoding variant as 3S-5.4, was found in accessions from Colorado and Utah. However, neither 3S-5.4 nor 5S-5.9 was found in accessions from Maryland or Michigan. In Japan, 3S-5.4 was found in two old maintainer lines but not from recently selected maintainer lines (Moritani et al. 2013; Taguchi et al. 2014) . One possibility is that bvORF20L S has some pleiotropic effect on sugar beet breeding or local adaptation or is linked to genes having such effects. Another possibility is that the loss of bvORF20L S occurred by chance (i.e. genetic drift). Further study is necessary to investigate these possibilities.
Constituent Oma1-like gene copy of the five DNAmarker haplotypes is bvORF20L, bvORF20L S , or bvORF20L 219-1 /bvORF20L 219-2 /bvORF20L 219-3 (a tandem gene cluster found in NK-219 mm-O). In spite of the sequence diversity in noncoding regions surrounding bvORF20L, the bvORF20L-coding regions are perfectly conserved between different DNA-marker haplotypes (compare 4L-5.9 and 5L-5.9). This degree of sequence conservation is also the case for bvORF20L S (compare 3S-5.4 and 5S-5.9 ). This reminds us of the absence of sequence polymorphism in bvORF20L copies among the 21 Japanese maintainer lines (Moritani et al. 2013 ). Both bvORF20L and bvORF20L S are apparently functional genes in terms of the absence of nonsense mutations. Transcripts of bvORF20L have been detected (Kitazaki et al. 2015) . Altogether, it seems unlikely that bvORF20L and bvORF20L S are amorphic, but they might have some function that is different from fertility restoration. This notion can be applied to bvORF20L 219-1 /bvORF20L 219-2 /bvORF20L 219-3 , in which only bvORF20L 219-1 seems to be a pseudogene. The molecular function of bvORF20L, bvORF20L S , and bvORF20L 219-1 /bvORF20L 219-2 /bvORF20L 219-3 clearly needs additional investigation.
In conclusion, molecular variants of a maintanier-allele in both US and Japan encode bvORF20L, bvORF20L S , or bvORF20L 219-1 /bvORF20L 219-2 /bvORF20L 219-3 . The origin of these variants can be traced to old European varieties that were introduced in the initial stage of sugar beet breeding. Because the nucleotide sequences of the coding regions are conserved among maintainer accessions, it is possible to select maintanier-alleles through MAS. On the other hand, a fundamental issue remains whether this repertoire of variants is sufficient for the future and whether there should be some concern for potential genetic vulnerability. This issue is difficult to approach, but long-term monitoring of maintainer lines and a careful investigation of the organizational diversity of rf1 may be necessary.
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